Abstract The influence of thermal curing on the evolution of the material properties and the UHPFRC behaviour was investigated. Tests results showed a beneficial effect of a high temperature curing on the early age material properties due to the thermoactivation effect on the hydration process. However, an inverse effect was observed at long-term. In our study, activation energy of UHPFRC was evaluated from experimental data by means of empirical models. The traditional maturity-function based on Arrhenius law, generally used to describe thermally activated physical or chemical processes, was used to predict the evolution of the UHPFRC autogenous shrinkage and to validate the applicability of this concept for such cement-based materials. Results showed that the concept based on Arrhenius law could describe correctly temperature effects on UHPFRC for temperature lower than 30°C.
Introduction
Usually, the material properties (mechanical and chemical) are determined with respect to the norms and at reference temperature i.e. 20°C. In this research, the idea was to measure the fundamental properties of UHPFRC cured at different curing temperature in the aim to show that the curing conditions could induce an artefact: initial (thermal) stress which would have an impact on certain properties. This work is a part of the first author PhD thesis untitled ''behavior at early age of UHPFRC under thermo-mechanical effects'' [1] .
It is known, that the early age behavior is complex and several processes interact simultaneously and are influenced by the environment conditions. During the PhD research an extensive experimental study was carried out (1) to study the effect of curing conditions on the fundamental properties of the UHPFRC, particularly the autogenous shrinkage that is the main source of early age cracks in specific structures (under particular structural and environmental conditions) due to the high induced tensile stresses. Early age cracks potentially compromise the durability of newly constructed or repaired structures. (2) to understand the correlation between the phenomenon's and (3) to highlight some new points which were not considered in previous research on such an innovative material. Besides, the aim of the PhD research was to model the fundamental properties for arbitrary temperature history. These models are necessary to predict accurately the deformations, the stresses and the damage (cracking) in the case of structural elements subjected to in-situ temperature variations. And finally, to predict the behavior of engineer elements structures using finite element software MLS (Multi Layer System) based on a series of models and accounting for their interactions. In this software the maturity concept is used to describe certain material properties. Such numerical simulations that can be performed before the conception may be beneficial in reducing the early age cracking risk thanks to a better understanding of the curing conditions influence considered as most influential early age factor.
In the past, the maturity function was introduced to account for the combined effects of time and temperature on the concrete strength evolution. According to Saul 51 ''Concrete of the same mix at the same maturity has approximately the same strength whatever combination of temperature and time go to make up that maturity'' [2] . It was confirmed later by the National Bureau of Standards (NBS) that the maturity method could be used to estimate the development of mechanical properties of concrete [2] . In 1977, a new function based on the Arrhenius equation to calculate the equivalent age of concrete was proposed by Hansen and Pedersen [3] .
The maturity concept could describe the materials properties dependant of hydration: heat of hydration, the chemical shrinkage, and the autogenous deformations [4] . Other recent research works showed that the usual maturity concept is not valid for the autogenous deformation which is strongly influenced by the temperature history [5, 6] .
On the other hand [7] , showed that the maturity concept is applicable for the prediction of the autogenous shrinkage of cement pastes for temperatures between 10 and 40°C, while it does not apply for higher temperatures. To overcome this problem the authors suggested to use various activation energies. This proposition was validated by Mounouga [8] .
This paper focuses on the influence of curing temperature on certain UHPFRC properties, namely: hydration, self desiccation, deformations and mechanical properties and on the validation of maturity concept for this specific material.
Material and test program

Material
The experimental tests were carried out on Ultra High Performance Fibre Reinforced Concrete of the CEMTEC multiscale Ò family [9] . The specific UHPFRC can be used in composite concrete structural members, as overlays on existing or new structures to locally ''harden'' the critical zones subjected to an aggressive environment and to significant mechanical stresses. It can be used also for specific thin structural members as crash barrier to limit the heat release during the hydration of binder (high amount of cement and silica fume as shown in Table 3 ). For instance, the real evolution of temperature in the core of the UHPFRC layer of composite beams (UHPFRC-NC) investigated by Habel [10] showed an increase from 20 to 32°C due to hydration process. Our research focuses on the behaviour of this material when it is used as overlays on existing structural elements exposed to aggressive environment.
The tested UHPFRC is produced by adding to ultra-compact cementitious matrix micro-fibres. They have a semi-circular section, with variable dimensions and present an irregular aspect ratio allowing a high adhesion with cementitious matrix. And straight steel fibres, with 10 mm length and 0.2 mm diameter and aspect ratio of 50. The total percentage of fibres being 9%
The matrix is composed of: (1) cement with low content of C 3 A, thus minimizing its water demand, (2) silica fume by product of zirconium production in high amount (26% by weight of cement), (3) fine quartz sand with 0.5 mm maximum grain size, (4) water and (5) high percentage (3.3% total by weight of cement) of superplasticizer in liquid form with solid content of approx 30%. The water content in the percentage is included in the water to cement ratio (W/C).
The Chemical compositions of the cement and silica fume are presented in Table 1 , and mineralogical composition of the cement, determined by Bogue equations, is reported in Table 2 . And finally the mix proportions of the tested UHPFRC are given in Table 3 .
The properties of the present UHPFRC in fresh state and mean mechanical properties (compressive strength and modulus of elasticity on 11/22 cm cylinders, uniaxial tensile strength and magnitude of tensile hardening on unnotched dogbone specimens of 70 cm long and 10 9 5 cm 2 cross section) at reference temperature 20°C are presented in Table 4 .
Test program
Compressive strength was measured on three (494916 cm 3 ) prismatic specimens for each age (3, 7, 14 and 28 days). The specimens were cured at different temperatures (20, 30 and 40°C) . The curing temperatures (30 and 40°C) were imposed a few minutes after casting the UHPFRC. The forms were sealed in plastic foil and placed in the oven. After removing the forms, the same procedure of sealing employed for the specimens cured at 20°C, was applied to the specimens cured at 30 and 40°C [1] .
The degree of hydration of UHPFRC-matrix samples (without fibres) subjected to the same range of temperature was determined by the fire loss on ignition test at different ages (2, 3, 7, 14, 28 days) [11] . In this technique (LOI), the degree of hydration is calculated from the quantity of bound water (nonevaporable water). LOI constitutes an indirect degree of hydration measurement by supposing a linear relationship between the amount of bound water and the degree of hydration. For those measurements, each sample was crushed in crushing-mill and finally ground. The material was then sieved on a 125 lm sieve. The obtained powder was sealed in small plastic bags before being transported and weighed. Two samples of 50 g of powder were used for each measurement. Samples to be analyzed were placed in crucibles, and were introduced into a 105°C oven for 24 h (until constant weight was reached). At this temperature, it is assumed that all free water has evaporated. The samples were then weighed while the oven was heated to a temperature of 1,000°C. During the weighing process, the samples were kept in a desiccator with silica-gel to prevent the reabsorbtion of humidity. The samples were then again placed in a 1,000°C oven for 1 h, and weighed again. The quantity of bound water at time t Wne (t) can then be estimated through the mass loss between the 105°C and 1,000°C heating periods.
Self desiccation measurements were conducted at 7 days on cylinders for all temperatures using an embedded thermohygral probe [10] . This was done by placing UHPFRC matrix in a (3 9 5 cm) steel mould sealed with aluminium and plastic foils to minimize the exchange of humidity with the environment, Fig. 1a .
The autogenous shrinkage tests were performed on 7 9 7 9 28 cm 3 sealed prisms and starting at an age of 1.5 days. For this series of tests the authors used a standard device (retractometer) previously used to measure linear autogenous shrinkage. In this measurement procedure the specimen must be removed from a mould and sufficiently hard before measurements starting. This UHPFRC is sufficiently hard at a curing time of 36 h (corresponding to the setting time for the current UHPFRC) due to high amount of superplasticizer. In other tests not included in this paper, the early age autogenous shrinkage was also investigated using a thermal stress testing machine (TSTM), which measures the early age linear deformation, starting 1 h after casting the material. Additional details concerning UHPFRC early age autogenous shrinkage measurement and results can be found in reference [1, 12] .
Sealed conditions were implemented immediately after removing the forms, by applying double layers of self adhesive aluminium foil to prevent exchange with the external environment. The measurements were performed in climatically controlled room with temperature of 20 ± 1.25°C and RH of 65%. For temperature (30 and 40°C), three specimens were removed from the oven and the measurements were performed within a short period of time in the same climatically controlled room. It is assumed that during this short time period there is no significant influence. After that the specimens were placed immediately again in the oven [13] .
The measurements were conducted by means of a rectractometer equipped with Tesa comparator, 
Effect of temperature on hydration and selfdesiccation
The development of the degree of hydration and the relative humidity under different curing conditions are represented in Fig. 2 . As expected, the development of the degree of hydration is accelerated at early age by increasing curing temperatures. For example, at 40°C, the degree of hydration at 2 days is 96% of its value at 28 days. Figure 2a shows that the degree of hydration curve at 40°C maintained right until 28 days. This is due to the consumption of all the available water (W/B = 0.131). For 30°C curing, the degree of hydration reduces slightly, it is theorized that such a reduction in hydration can be attributed to variability in measurement over time. This can be seen also for standard tests as compressive tests or others, because the measurements are individual and not continuous in time. Note, the result showed here corresponds to the mean value of two specimens An inverse effect of temperature on the degree of hydration is observed later and higher ultimate degree of hydration is obtained at 20°C. This transition occurred at approximately 7 days. This inverse relationship was explained according to [14] by a non-uniform distribution of hydration products with a high concentration around hydrating grains, thus retarding the hydration process under high curing, while at low temperature, diffusion and precipitation of the hydration products are relatively uniform.
Moreover, according to the literature, high temperatures influence the stability and the structure of the hydration products especially the calcium silicate hydrates (C-S-H) and the rearrangement of the hydrates [14] [15] [16] . On the other hand, high temperatures favour the formation of the inner (C-S-H) and the modification of chains.
The self desiccation measurement corresponds to the moisture level within the concrete pores. When the voids are saturated the measured relative humidity is equal to 100%. This value diminishes during the hydration process as water is consumed and the gas volume within the concrete increases. Figure 2b shows that self-desiccation accelerates at higher temperatures. This result was expected as the equilibrium between the liquid and vapour phases depends on temperature [4, 17] . The ages of initiation of self-desiccation for the different curing conditions of temperatures curves are 2.7, 1.9, and 1.1 days respectively at 20, 30 and 40°C, and the relative humidity drops off to reach respectively 90.3, 88.2 and 85.5% at 7 days. This behaviour was attributed to the thermo-activation of the hydration process at early age and the resulting modification of the pore structure, which is traduced by a decrease of mean pore size and an increase of capillary depression, as showed by the calculated results according the Kelvin law under different curing conditions [17] .
Effect of temperature on autogenous shrinkage
Autogenous shrinkage is negligible for normal concrete, but for cementitious materials with very low Fig. 2 (a) Evolution of the degree of hydration for different curing conditions, (b) evolution of the relative humidity for different curing conditions W/C ratios, becomes the dominant shrinkage mechanism.
The autogenous shrinkage curve at 20°C (Fig. 3) , shows that the current UHPFRC exhibits moderate autogenous shrinkage, despite the high paste volume (88%) and the very low W/B (0.131). Its autogenous shrinkage is comparable to that measured in a high performance concrete with 0.2 W/B ratio and 10% silica fume or self compacting concrete [1] .
As the autogenous shrinkage is directly related to the hydration process. This moderate value of the autogenous shrinkage can be attributed in prior to the low degree of hydration (26% at 90 days) which is a primary characteristic of the material and to the high amount of fibres (9% by volume) which act as internal restraint and tend to hinder the free deformation, as showed by comparison between the results obtained on UHPFRC mixtures with and without fibres. The reduction of autogenous shrinkage was about 35% in presence of fibres [1] , this findings is in agreement with results reported in the literature. Figure 3 shows also that the increase of temperature increases the autogenous shrinkage. For instance, an increase of about 5% for 30°C and 32% for 40°C was obtained in comparison to mean shrinkage at 20°C, all obtained at 65 days. After 7 days, 49% of the mean value obtained at 65 days for a 30°C cure is reached, and 66% of the mean value at 65 days for a 40°C cure is reached. In fact, the evolution of autogenous shrinkage strongly slows down beyond 28 days for specimens cured at 30 and 40°C mainly due to the stabilization of hydration, as illustrated in Fig. 2a . The influence of temperature on the autogenous shrinkage evolution was related to the hydration and the self-desiccation processes that accelerate at higher temperatures, as shown in Fig. 2 . These results are in agreement with results found in the literature [4, 5, 18] .
The extrapolation of autogenous shrinkage data under the different curing conditions using an exponential model (not reported in this paper) has shown a similar trend at long term i.e. an inverse effect of temperature on the autogenous shrinkage, its amplitude is higher at 20°C when compared to that predicted at high curing temperature 30 and 40°C [1, 13] .
Effect of temperature on compressive strength
The evolution of compressive strength, in the same temperature range is represented in Fig. 4 . There is a clear similarity between the degree of hydration and the compressive strength curves (Figs. 2a, 4) . This can be expected as the hydration contributes to the strength development in addition to other microstructural factors. The chemical reactions of binders develop simultaneously and in an interdependent way, leading to a progressive solid skeleton formation that contributes in strength development, as well as the rearrangement of hydration products.
The inverse effect of temperature on compressive strength was also observed and takes place at approximately 7 days. This inverse effect can be explained by the same arguments given for the degree of hydration and cited in the previous section.
Prediction of UHPFRC compressive strength
under different curing temperatures
Model description
The hyperbolic relationship (Eq. 1) was used to describe the compressive strength evolution for the considered curing temperatures in this study [2, 19] . This model describes the evolution of the compressive strength and supposes that the strength development starts after t 0. The model is based on the following equation:
with: t 0 : the initial time of strength development, k: specific rate of reaction and S ? : ultimate strength. k and S ? are obtained by a minimization process (least square fit).
Predicted UHPFRC compressive strength
The application of this model to our experimental results under various temperatures gives the results represented in Fig. 5 . The set of parameters determined for the tested UHPFRC are given in Table 5 . Figure 5 shows that the empirical model describes well the evolution of the UHPFRC compressive strength under the tested curing conditions. And the model reflects the inverse effect of the curing conditions that takes place approximately after 7 days. In fact, the predicted ultimate strength for higher temperatures 30 and 40°C are weaker than that predicted for 20°C, the reduction is of 6% and 10% respectively. Formulation proposed by Hansen and Pedersen [3] was recommended by Rilem [20] but independently of cement type. However a high value (48.8 kJ/mol) is recommended for the cement containing blast furnace slag. In several cases, the equation proposed by Hansen and Pedersen [3] is used independently of cement and addition type. On the other hand, according to [21] , the activation energy depends on the cement chemical composition, the fineness, the type, the quantity of the cement and the used mineral addition. Other authors indicated that the activation energy varies according to the water to cement ratio. However, it was shown that the water to cement ratio has no significant effect on the activation energy [22] . Another equation to estimate the activation energy for Swedish cements at 20°C was proposed by Jonasson et al. [22] . Their equation gives an activation energy superior of 32% to that proposed by Hansen and Pedersen [3] and gives higher values for high temperatures.
Several values of the activation energy obtained (between 41 and 67 kJ/mol) are summarized by Carino and Molhotra [21] , these values vary with the type of cement. However, contrary to [3] , all the values of activation energy are constant and independent of the temperature. This is in agreement with the law of Arrhenius.
A constant value of activation energy (between 40 and 45 kJ/mol) is recommended by ASTM C 1074 [23] to predict the mechanical strength in situ when the cement of type I is used without additions and no indication was given for other cements and additions [24] recommended an activation energy that is a function of the hydration temperature and the development of the relative strengths. Recently, a new formulation of the activation energy dependant on temperature and degree of hydration was also proposed by Pane and Hansen [25] . A model to estimate the activation energy that considers the type of cement with and without additions (fly ash and blast furnace slag) was proposed by Schindler [26] .
According to what precedes, it is evident that there are several contradictions about the choice of an appropriate value of the activation energy. And as no value of activation energy was found in literature, because investigations accounting for the thermal effect on this specific material are inexistent, we have exploited the values of the specific rate of reaction (k) determined from the prediction of the UHPFRC compressive strength under different curing conditions (see Table 5 ) to evaluate the activation energy of the tested UHPFRC.
Estimation of activation energy of the tested UHPFRC
The variation of the specific rate of reaction (k) can be described by the Arrhenius law [2, 19, 26, 27] .
with: A: parameter that is independent or varies slightly with temperature (1/h), E a : activation energy (J/mol), R: universal gas constant (8.314 J/mol/K), T: absolute temperature (K) and k: specific rate of reaction (1/h). According to Eq. 3 the relationship between ln(k) and the inverse of absolute temperature is linear:
Consequently, the value of the activation energy can be calculated from the slope of the linear plot of ln(k) against (1/T), as represented in Fig. 6 . The calculated value of activation energy for the tested UHPFRC is equal to 33 kJ/mol and is similar to that obtained for conventional concretes. The obtained value corresponds to the value prescribed by Hansen and Pedersen [3] and Rilem [20] , and is in the range proposed by Guo [28] . The similarity between UHPFRC and normal concrete activation energies can be attributed to: (1) the low water to cement ratio in the UHPFRC, which does not influence the activation energy, contrary to what was observed by Carino and Tank [29] , and (2) the presence of a high amount of silica fume (26%) which acts as fly ash on the activation energy [30] . According to the authors, the hydration in the presence of a high amount of silica fume is controlled by diffusion and the reactions controlled by diffusion lead to values of activation energy lower than the reactions controlled in interfaces [30] . The application of the model proposed by Schindler [26] gives a low activation energy (31.6 kJ/mol), the reduction is about 6.5% with respect to the value obtained using the current empirical model. The predicted activation energy for the current UHPFRC is used in the following section to describe the effect of temperature on autogenous shrinkage by means of the maturity concept.
Application of the maturity concept
In this part, the aim is to verify the validity of the maturity concept to predict the UHPFRC autogenous shrinkage for the studied temperatures (between 20 and 40°C).
The maturity function based on the Arrhenius law proposed by Hansen and Pedersen [3] was used to calculate the equivalent age. The equivalent age converts the chronological age (t) of a specimen cured at any temperature T(t) to an equivalent age (t equ ) cured at a specific reference temperature (T ref ). The equivalent age is expressed by the following relation:
with: E a : activation energy (J/mol), R: universal gas constant (8.314 J/mol/K), T(t): actual temperature, T ref : reference temperature. The autogenous shrinkage was represented as a function of the equivalent age calculated according to the equation above, with a single value of activation energy equal to 33 kJ/mol. Figure 7 shows that the autogenous shrinkage can be correctly predicted for 30°C beyond 14 days. On the other hand, in the case of 40°C, the concept does not describe autogenous shrinkage because the autogenous shrinkage evolution function of equivalent age is different from that for 20°C. These results are in agreement with results obtained for cement pastes at temperatures between 20 and 40°C [7] .
It has been also shown in previous research works that the traditional maturity concept is not valid [4, 5, 8, 18] .
According to [4] , the pouzzolanic reactions have generally different activation energy from the hydration of the cement. This indicates that the development of the properties of the concrete with additive is probably controlled by multiple activation energies. The authors of this paper agree with this argument and concluded that the single activation energy predicted by this technique can not describe all the material properties, especially the autogenous shrinkage, characterized also by an inverse effect at early age under low temperatures that can not be describe using this single activation energy [1] . However, this single activation energy describes well the heat of hydration as shown in reference [1] .
In agreement with what precedes and according to [31] , in theory the concrete properties that result from the combination of processes with different activation energies cannot be described by single activation energy. Despite this, in practice, the properties of concretes with additions are modelled by single activation energy. This can be acceptable as long as the property is governed by the hydration of the cement. However, the autogenous deformations, in some cases, are strongly influenced by the presence of silica fume. In that case, not only single activation energy allows a complete description of the autogenous deformation in a satisfactory way. This was validated by Jensen and Hansen [4] , the authors showed that the traditional maturity concept does not apply for both autogenous shrinkage and internal relative humidity. -The effect of the thermal curing on all the physico-mechanical properties studied is favourable at early age because the various processes that interact are thermo-activated at early age. However, an inverse effect was observed in the long term. This effect is attributed to the lower ultimate degrees of hydration for higher temperatures with regard to 20°C. -The estimated activation energy for the tested UHPFRC is equal to 33 kJ/mol and is similar to that obtained for conventional concretes. This was attributed to the low water to cement ratio in the UHPFRC, which does not influence the activation energy. Finally, we can conclude that the activation energies (E) found here is correct at least for tested composition. This value must be validated by further experiments. There is, therefore, more work to be made in this field, because it is necessary to characterize and predict correctly the early age behaviour of this specific cementitious material, which is determining parameter in the structural response. -The maturity concept is valid and describes successfully the autogenous shrinkage for temperatures between 20 and 30°C. For low and high temperatures, more work is needed in this field, in our opinion. Note finally that certain authors considered two activation energies which was validated for other cementitious materials.
